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SOLID STATE TURBINE ENGINE IGNITION
EXCITER HAVING ELEVATED
TEMPERATURE OPERATIONAL
CAPABILITY

CROSS REFERENCE TO RELATED
APPLICATIONS

Method And Apparatus For Fabricating And Connecting,
A Semiconductor Power Switching Device, filed Oct. 28,

2004, now U.S. Pat. No. 7,144,792, by John C. Driscoll,
Theodore S. Wilmot and Eugene O. Bryan.

BACKGROUND OF THE INVENTION

The present mvention generally relates to high voltage
power supplies, and more specifically to an improved 1gni-
tion exciter for turbine engine applications.

Modern turbine engine 1gnition exciters, especially those
used 1n small gas turbine applications, have evolved con-
siderably 1n recent years; migrating from spark gap (plasma)
switching devices and simple relaxation type oscillator
charge pumps to more reliable and predictable solid state
switching devices with digitally controlled DC-DC con-
verter charge pumps. Thermal performance of current art
solid state 1gnition exciters has been limited due to available
thyristor switching technology. Some designs use multiple
series stacked phase control thyristors with saturable reac-
tors, while others employ switching devices specifically
designed for pulse power applications. However, perfor-
mance of both sufler from leakage current related limitations
of the switching devices. At elevated temperatures, leakage
current within the switching device results 1n increased
power dissipation. This condition precipitates additional
leakage current, resulting 1n a thermal runaway condition
and device failure.

The most advanced current art exciters employ pulse type
thyristors to eliminate the need for saturable magnetic
components 1n the output stage and the associated limita-
tions of that technology. While a considerable improvement
over phase control based designs, thermal performance of
current art pulse thyristor based ignition exciters 1s still
limited by switching device leakage current. Moreover,
current art technology incorporates costly semiconductor die
manufacturing and device packaging techniques limiting
commercial viability of the ignition exciters. The 1gnition
exciter embodiments of the present invention exhibit supe-
rior reliability and have simplified gate circuitry through the
use of a unique low side switching topology.

SUMMARY OF THE INVENTION

The first preferred embodiment of the present mmvention
provides improved turbine engine ignition exciter technol-
ogy that enables volumetrically etlicient, lightweight, and
high reliability operation at elevated ambient temperatures.
The first preferred embodiment uses a semiconductor pulse
switching device that 1s designed to exhibit low leakage
current at elevated ambient temperatures and a low side
switching topology that includes a discharge circuit for
releasing energy from an energy store to ground whereby
negative polarity energy 1s applied to the igniter. This
embodiment uses a gate drive circuit that 1s specifically
tuned for the particular exciter to insure a positive gate drive
current 1 the switching device throughout the stresstul
modulation period.
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2

The first preferred embodiment also includes circuitry for
compensating for low mput voltages applied to the exciter,
which enables the exciter to reliably operate when low input
voltages are experienced.

A second preferred embodiment uses the semiconductor
pulse switching device that 1s designed to exhibit low
leakage current at elevated ambient temperatures and a high
side switching topology that also uses a gate drive circuit
that 1s specifically tuned for the particular exciter to isure
a positive gate drive current in the switching device through-
out the stressiul modulation period.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an electrical schematic diagram of a preferred
embodiment of an 1gnition exciter assembly according to the
present invention, which uses a low side switching topology.

FIG. 1A 1s an electrical schematic diagram of a second
preferred embodiment of an i1gmition exciter assembly
according to the present invention, which uses a high side
switching topology.

FIG. 1B 1s an electrical schematic diagram of a third
preferred embodiment of an i1gnition exciter assembly
according to the present mvention, illustrating an embodi-
ment that 1s particularly usetul when operated 1n conjunction
with a electronic engine controller (EEC).

FIG. 1C 1s an electrical schematic diagram of a third
preferred embodiment of an i1gmition exciter assembly
according to the present mvention, illustrating an embodi-
ment that can digitally change the spark rate that 1s generated
by the exciter assembly as a function of temperature.

FIG. 1D 1s an electrical schematic diagram of a third
preferred embodiment of an i1gnmition exciter assembly
according to the present invention, illustrating an analog
circuit embodiment that can change the spark rate that is
generated by the exciter assembly as a function of tempera-
ture.

FIG. 2 shows a gate drive waveform of a semiconductor
pulse switching device (PSD) of the type used in the first
preferred embodiment, as controlled by the tuned gate drive
circuit WRT cathode waveform without a pulse capacitor 1n
circuit.

FIG. 3 shows a PSD gate drive waveform of a semicon-
ductor pulse switching device (PSD) of the type used in the
preferred embodiments as controlled by the gate drive
circuit WRT pulse capacitor induced PSD current.

FIG. 4 shows a PSD gate drive wavelorm WRT cathode

wavelorm without a pulse capacitor 1n circuit and without a
gate drive tuning network 1n circuait.

FIG. 5 illustrates the PSD die configurations and gate-
cathode metalization geometry.

FIG. 6 shows a cross sectional view with the width
compressed and taken generally along the line 6-6 of FIG.
5 emphasizing the highly intrinsic/semi-insulating layer and
bevel geometry.

FIG. 7 1s a graph showing intrinsic carrier concentration
in a silicon semiconductor as a function of temperature.

FIG. 8 1s an exemplary electric field profile for a current
prior art pulse type thyristor.

FIG. 9 1s an electric field profile for the semiconductor
pulse switching device (PSD) of the type used in the
preferred embodiments.

FIG. 10 illustrates exciter capacitor charge wavelforms
versus time for prior art exciters and for the preferred
embodiments of the present invention exciter.
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DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(L]

Operation of current prior art turbine engine ignition
exciters at eclevated ambient temperatures 1s limited by
semiconductor leakage current. At elevated ambient tem-
peratures, semiconductor leakage current increases expo-
nentially with temperature which results 1n increased switch-
ing device power dissipation. This reduces product
reliability, and 11 not carefully accounted for in the design
process, can result in system failure due to thermal runaway
ellects. That 1s, at extreme temperatures device dissipation
causes further device heating, which 1n turn causes further
dissipation which progresses exponentially until the device
1s destroyed. This condition 1s exacerbated by the relatively
high (approximately 3 kV) exciter tank circuit voltages
commonly used 1n turbine engine 1gnition systems. The first
preferred embodiment of the present imvention employs a
relatively low (1.e., approximately 1.5 kV to approximately
1.95 kV) tank voltage to further reduce dielectric and
leakage current stresses on the switching device.

Another advantage of the first preferred embodiment 1s
the low side switching circuit topology. Solid state turbine
engine 1gnition exciters have traditionally employed high
side switching schemes to insure a positive polarity dis-
charge wavetorm. Positive polarity discharge wavelorms are
known to erode the negative polarity 1gniter plug outer shell
clectrode at a higher rate than the positive polarity inner
(center) electrode due to positive 10on bombardment. Typi-
cally, the igniter plug outer shell electrode i1s designed to
have considerably higher mass than the center electrode to
maximize life. While the rate of material erosion 1s highest
on the negative polarity electrode, the rate of igniter plug
diametral spark gap growth 1s not appreciably different
between positive and negative polarity systems.

It has been determined that the 1gniter plug spark gap 1s
on the order of 3% larger at end of life using a negative
polarity system on ofl-the-shelf 1gniters designed for posi-
tive polanty systems. However, ofl-the-shell 1gniters wear
out at essentially the same time regardless of 1ignition system

polarity.

By contrast, positive polarity solid state 1gnition systems
suller a considerable reliability penalty due to the fact the
switching device cathode i1s referenced to a dynamic load.
That 1s, prior to 1gniter plug 1onization, the cathode 1is
essentially floating with respect to circuit ground. This
condition makes 1t difficult to insure a predictable and
repeatable switching device gate drive during the stressiul
device modulation period. The first preferred embodiment of
the present invention solves this problem by referencing the
switching device cathode to circuit ground. In this topology,
the gate drive waveform 1s highly predictable and repeatable
and can be easily controlled with simple and mexpensive
circuitry.

The preferred embodiments of the present invention also
include novel circuitry to schedule mput current allowing
reliable operation at low mput voltages. Recent trends in
turbine engine based aircraft have resulted 1n lower available
input voltage at engine start. Modem small gas turbine
ignition exciters typically employ current mode pulse width
modulator (PWM) based DC-DC converters to accomplish
the capacitor charging function. At very low input voltages,
the current mode controller set point value cannot be satis-
fied, resulting 1n a continuous current drain. To prevent this
condition, the preferred embodiments employ current sched-
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4

uling circuitry to automatically adjust the PWM set point as
a Tunction of input voltage allowing operation at low 1nput
voltages.

Turning now to the drawings and particularly FIG. 1, the
first preferred embodiment of the ignition exciter circuit 1s
illustrated generally at 10. It will be appreciated by those
skilled 1n the art that the essential discharge circuit elements
of the exemplary embodiment can easily be adapted, for
example, to ac mput power variants and various application
specific output voltage, spark rate and energy configurations.

The power supply section 1s comprised of two individual
voltage regulator sections. Both derive power at 12 and 14
from the exciter input power source and subsequent elec-
tromagnetic interference filter (both, not illustrated). The
first regulator, comprised of integrated circuit 16, capacitors
18 and 20 provides power to the exciter internal circuitry
(charge pump circuitry, indicated generally at 22, current
scheduling circuitry, indicated generally at 24, and discharge
circuitry, indicated generally at 26, establishing the +8V bus.
The other regulator, comprised of integrated circuit 28 and
capacitors 30, 32 and 34 1s a temperature compensated
precision voltage reference used to provide a stable refer-
ence supply to the charge pump current and voltage mode
comparators establishing the Vref bus. The reference supply
1s designed to insure predictable (spec. compliant) operation
of the 1gnition exciter at extremely low 1nput voltages (for
example 8.5 VDC). Other elements within the power supply
section include, a reverse polarity protection diode 36;
capacitor 38, resistor 40 and transorb 42, EMI suppression
and transient input voltage protection elements 44 and fuse
46 primary dc power bus fault protection.

The charge pump section 22 1s a current mode flyback
topology DC-DC converter. Filtered input power supplied to
the charge pump from the mput power source and EMI filter
(not illustrated) 1s stored on energy reservoir capacitors 48
in the upper right portion of the charge pump section 22.
This capacitor sources current to the primary winding of a
flyback transtormer 30 through line 52 mimmizing current
drain on the input power bus during charge pump 22
operation.

Capacitor 53 and resistors 54 and 56 control the center
frequency of RC ring oscillator circuitry within integrated
circuit 58. Oscillator 58 includes hardware programmable
divide-by-N circuitry that divides the high frequency DC-
DC chopper frequency down to approximately 1 Hz to
approximately 8 Hz rate, thereby establishing the exciter
discharge repetition rate. Programming of the repetition rate
1s accomplished by selectively populating or de-populating
jumpers 1n one of the appropriate resistor pairs 60, 62, 64 or
66, tying the appropriate A-D input controls 68 to a logic
high or low condition.

The high frequency (charge pump rate) output from
integrated circuit 58, which is preferably on the order of 90
kHz, but which can be higher or lower, 1s routed via line 70
to tlip-flop 72. A totem pole gate drive circuit comprised of
transistors 74, 76, resistors 78, 80 and capacitor 82 1in turn
activates transistor 84 in response to signals provided by
tlip-tflop 72. When activated, transistor 84 initiates current
flow from the DC nput bus (+28V) through transistor 84 and
the current mode sense resistor resistor 86. As current flow
linearly ramps up through the transformer primary winding,
an analogous voltage 1s generated on the sense resistor 86
which 1s applied by line 88 to the positive mput of a
comparator 90, which operates as a current mode controller
with associated reference voltage divider resistors 92 and 94.
The comparator 90 resets tlip-tlop 72 via line 96 when the
appropriate mput current value 1s achieved. This 1 turn
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terminates the current mode cycle msuring precise control of
the transformer 50 energy (E=LI%/2) on a per cycle basis.

The charge pump has two independent outputs. The
primary output 1s the secondary of the flyback transformer
50 which charges the exciter main energy storage (tank)
capacitor 100 via line 102 which has four series connected
rectifier diodes 104 and node 106 that 1s connected to the
positive terminal of the capacitor 100, with the negative
terminal thereof being connected to ground via line 108 and
diode 110. A second, tertiary, winding 112 on the flyback
transformer 50 similarly charges a tertiary energy storage
capacitor 114 through rectifier diode 116, resistor 118 and
line 120. As the charge pump operates, charge 1s incremen-
tally imparted on the tank capacitor 100 and the tertiary
capacitor 114, increasing the potential on each capacitor
approximately as a function of the transformer secondary-
tertiary turns ratio. Therefore, the tertiary tank capacitor 114
circuit forms a low potential mirror of the high potential
primary energy storage tank capacitor 100 circuit allowing,
safe, reliable and indirect monitoring of the high potential
circuit.

A voltage mode feedback loop comprised primarily of
line 120, comparator 122, associated reference divider resis-
tors 124 and 126 and feedback resistor divider 128 and 130
monitors the tertiary tank capacitor 114 to determine when
both capacitors have reached full charge. When the tertiary
tank capacitor 114 voltage feedback signal reaches the set
point value, comparator 122 resets tlip-tlop 132 via line 134.
This prevents transmission of high frequency (charge pump
rate) thp-tlop 72 drive signal to the switching transistor 84;
deactivating the high frequency charge pump operation.
Likewise, this condition causes flip tlop 132 to simulta-
neously transmit a trigger signal via line 136 to transistor
138 1n the discharge circuit 26.

The trigger signal from tlip tflop 132 on line 136 activates
switching transistor 138 allowing charge stored 1n a trigger
tank capacitor 140 to discharge to ground through a trigger
transformer 142. This activity in turn generates a trigger
pulse through diode 144 which activates the gate drive of
thyristor 146. The thyristor 146 then conducts charge stored
in the tertiary tank capacitor 114 which preferably has a
capacity of 30 mlJ, so that a current of on the order of 35
amperes may flow through rectifier diode 148, inductor 150
into the gate-cathode junction of a PSD (Pulse Switching
Device) 152. The gate drive circuit comprised of rectifier
diode 148, inductor 150 and a rectifier diode 154 1s specifi-
cally tuned for the particular exciter to insure a positive PSD
gate drive current throughout the stressitul PSD modulation
period. Specifically, inductor 150 1s tuned to account for
differences in the exciter stored energy (tank capacitor 100
value) and resonant frequency of an output pulse forming
network indicated generally at 156 to prevent zero, or
negative bias on the PSD 152 gate terminal improving PSD
reliability and performance. The negative polarity PSD
circuit topology and associated gate drive circuitry signifi-
cantly reduces dielectric stress on the gate drive circuitry
since the circuitry 1s referenced to ground and does not
modulate from ground potential to the exciter tank voltage
during discharge.

Rectifier diode 154 1s a commutating diode which allows
recirculation of gate drive current increasing the duration of
the gate drive waveform. Again, the exemplary circuit
embodiment highlights the novel low side PSD switching
topology. That 1s, as opposed to traditional “industry stan-
dard” solid state i1gmition exciters, the improved circuit
topology of the first preferred embodiment references the
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PSD 152 gate-cathode junction to circuit ground rather than
the dynamic floating output load.

FIGS. 2 and 3 1llustrate the benefit of the PSD gate drnive

network. By properly tuning the network, positive PSD gate
drive 1s assured throughout the PSD modulation period. FIG.
2 1llustrates a typical PSD gate drnive current waveform
versus associated PSD cathode current with respect to time
without a pulse capacitor connected (no high di/dt content).
FIG. 3 1llustrates a typical PSD gate drive current waveform
versus associated PSD cathode current with respect to time
with a pulse capacitor included 1n the circuit. In both cases,
the PSD has positive gate drive during the cathode conduc-
tion period. By contrast, FIG. 4 shows a typical PSD gate
drive waveform without the associated gate drive network
(diodes 148, 154 and inductor 150) included. In the latter
case, the gate drive current wavetform has higher amplitude,
but considerably shorter duration. Due to the pulse nature of
the circuit, the PSD does not have adequate time to properly
latch and 1n fact 1s prevented from properly latching during
the stresstul high di/dt phase associated with the pulse
network and consequently prone to premature failure due to
gate current starvation and associated high power dissipa-
tion.

Referring again to FIG. 1, when the PSD 152 1s activated,
a high amplitude high (di/dt) rate current 1s induced 1n the
output pulse forming network 156 primary circuit elements
comprised of the pulse capacitor 138 (approximately 0.05
microFarad) and a pulse transformer primary winding 160 of
a transformer 162 having a secondary winding 164. The
resonant tank circuit formed by capacitor 158 and trans-
former primary winding 160 induces a high tension damped
sinusoidal waveiorm on the secondary winding 164 of pulse
transformer 162 which 1s superimposed on the primary
energy storage (tank) capacitor 100 potential creating a high
potential output wavetorm to accomplish 1onization of the
igniter plug (not shown, but connected between Vout 166
and ground).

When the PSD 152 1s switched on, the energy stored 1n the
tank capacitor 100 imnduces a high di/dt current from ground
174 through capacitor 138, pulse transformer primary wind-
ing 160 to the negative side of the tank capacitor 100. The
high di/dt negative polarity current creates a high frequency
high amplitude oscillation in the secondary winding 164 for
application to the spark plug gap. The L-C tank circuit
comprised of the pulse transformer primary winding 160 and
the pulse capacitor 158 controls the resonant {frequency of
the oscillation. The high amplitude oscillation 1s superim-
posed on the exciter tank capacitor voltage resulting in a
high potential, high frequency waveform suitable to 1onize
the 1gniter plug spark gap allowing release of energy stored
in the exciter tank circuit.

The energy release can result in current of as much as
1500 amps flowing through the primary winding 160 of the
pulse transformer, which 1s transformed to a level of
approximately 15 kV to approximately 18 kV in the sec-
ondary winding 164 which 1s fed to the plug spark gap.
When the 1igniter plug spark gap 1s 1onized, a low impedance
path 1s created between the 1gniter plug spark gap, the pulse
transformer secondary winding 164, line 108, the tank
capacitor 100, the node 106, the PSD 152 anode-cathode
junction and circuit ground 168, allowing release of energy
stored 1n tank capacitor 100 into the igniter plug spark
plasma. Inductance of the pulse transformer secondary
winding 164 controls the discharge rate and peak amplitude
of the discharge wavetorm. A resistor 170 provides a load to
absorb exciter discharge energy in the event of a quenched
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(open circuited) 1gniter. A resistor 172 bleeds charge off tank
capacitor 100 to insure sale working voltages are present
during product service.

Another feature of the first preferred embodiment of the
present mnvention 1s a novel current mode scheduling circuit.
Referring to FIG. 1, the circuitry contained in the Current
Scheduling Circuitry block 24 reduces the current mode
controller set point 1 response to abnormally low 1nput
voltages. Unlike current art solutions directed toward deac-
tivation of the exciter circuitry when mput voltage falls
below a prescribed threshold level, the current scheduling
circuitry enables exciter operation at input voltages signifi-
cantly below normally specified input voltages, for example
6V. The superior leakage current performance of the PSD
switching device 152 enables such a solution. That 1s,
current art ignition exciters are constrained by leakage
currents at elevated temperatures. Consequently, current and
past prior art 1ignition exciters intentionally charge the tank
capacitor at the highest practical rate to minimize the chance
of thermal runaway. By contrast, PSD based exciters can
reliably operate with considerably longer capacitor charge
times at elevated temperatures. This allows itroduction of
a number of design features including smaller/lighter and
lower cost EMI filters, charge pumps and input current
scheduling circuitry to allow operation at extremely low
input voltages.

Functionally, the current scheduling circuit adjusts the
charge pump peak current set point of comparator 90 as a
function of internal 8-volt bus voltage. As mput voltage 1s
reduced, the 8-volt regulator 16 drops out of regulation
causing the 8V bus to droop. When the 8V bus 1s operating

normally, the current scheduling circuit comprised of tran-
sistors 180 and 182, Zener diode 184, resistors 186, 188,

190, 192, and 194, allows Zener diode 184 to conduct,
holding the base of transistor 180, for example, at 3.9 volts.
Transistor 180, operating 1n eflect as a voltage follower, has
an emitter voltage approximately 0.7 volts higher than 1ts
base voltage (or about 4.6 volts). Voltage divider 192/194
holds the base of transistor 182 at, for example, about 4.38
volts providing a base to emitter voltage for transistor 182 of
about 0.22 volts preventing transistor 182 from conducting.
There 1s no eflect on the peak charge pump current for this
condition. As the 8-volt bus drops out of regulation, tran-
sistor 182 begins to conduct because 1ts base voltage 1s
derived from the 8-volt supply and the emitter voltage of 180
1s held relatively constant by Zener diode 184. The collector
current of transistor 182 develops a voltage across resistor
195 adding to the actual current feedback voltage. This
provides an “apparently” higher feedback voltage to the
current mode comparator 90 forcing it to shut-ofl the tran-
sistor 84 at a lower peak current. As the 8-volt output
continues to drop, transistor 182 collector current increases
turther reducing charge pump peak current. As the 8-volt
supply continues to fall, the voltage available to the circuit
can’t sustain transistor 182 collector current and the peak
current setting will increase again. Through careful design,
the charge pump will stop operating gracefully at an input
voltage level incapable of providing adequate gate drive to
the primary switching transistor 84.

It will be appreciated by those skilled in the art, one can
casily modily the circuit “characteristics”, gains and levels,
by changing component values. The voltage at which the
circuit begins to reduce the peak current i1s set by the
192/194 voltage divider and the Zener diode 184, 1.¢., as the
divider voltage approaches and becomes lower than the
Zener diode 184 breakdown voltage, the circuit begins to
supply current to 1935, reducing peak current. Resistor 190
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provides a convenient adjustment for gain (current reduc-
tion/supply voltage drop). Gain increases as the value of
resistor 190 decreases.

Referring to FIG. 5, an exemplary PSD switching device
gate-cathode metal pattern 1s illustrated. The highly inter-
digitated gate-cathode structure of this thyristor type device
allows direct switching of high di/dt current pulses without
the need for protective (saturable reactor) networks. The
compact die footprint (preferably approximately 0.38 inches
square) and thin base geometry improves switching speed by
approximately 40% compared to competitive (approxi-
mately 0.5" diameter) pulse thyristor devices having a
circular configuration.

FIG. 6 illustrates a cross section of the PSD switching
device, with portions removed, wherein the thickness of the
structure 1s preferably only about 0.024 inches, with the (1)
region approximately 0.018 inches. The high resistivity to
semi-insulating intrinsic region (I) reduces thermally gen-
erated carriers and corresponding leakage current at high
ambient temperatures enabling improved 1gnition exciter
performance at elevated ambient temperatures. The thin
(approximately 0.020" thick) base width reduces forward
voltage conduction losses approximately 35% relative to
current prior art (0.040" thick) devices. Similarly, bulk
related leakage current i1s reduced an order of magmitude
relative to competitive 0.040" thick (symmetric) structures.

The high resistivity intrinsic region allows the PSD device
to reliably block high voltages with a narrow base width
relative to traditional thyristor structures. The narrow (ap-
proximately 0.020" thick) base structure and small (0.38"x
0.38") die size minimizes bulk and surface leakage currents
while reducing device forward drop (conduction losses) and
modulation time (switching losses) relative to current art
technology. Measurements of PSD performance relative to
current prior art technology confirm modulation rate 1is
increased approximately 40%, while device forward con-
duction losses are reduced by approximately 35% and bulk
leakage currents to approximately 10% of those associated
with traditional high voltage thyristors. These benefits
reduce device losses, improving circuit ethiciency. Likewise,
the 1mproved efliciency results 1 lower device heating
resulting 1n improved high temperature performance. More-
over, the improved modulation rate allows simplification
and miniaturization of the exciter pulse forming network due
to improved magnetic coupling associated with the faster
switching rate.

The familiar Boltzmann factor of Equation 1 describes the
cllects of ambient temperature on 1ntrinsic carrier concen-
tration within a semiconductor. The highly intrinsic/semai-
insulating layer reduces the total number of available carrier
sites (Ns); reducing intrinsic carrier concentration relative to
temperature. Exemplary PSD devices of the type described
above exhibit leakage currents that are at least an order of
magnitude lower than the best current art pulse thyristor
technology enabling reliable operation at high ambient tem-
peratures, for example up to approximately 175° C. FIG. 7
graphically 1llustrates the eflect of ambient temperature on

intrinsic carrier population 1n silicon.

2 =N o(~Eg/2kBT)
z A

Where,
n~the 1ntrinsic carrier concentration

N =the number per unit volume of eflectively available
states; on the order of 10”/cc at 25° C.

Eg=the material energy gap (Si=1.17-(4.73-107*T?/(T+
636)) eV) NOTE: 1 eV=1.6022x10""7 ]
k,=Boltzmann’s constant (1.381x107*> J/° K)

T=the absolute temperature 1n Kelvin

(Eq. 1.)
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By decreasing carrier concentration in the intrinsic layer;
transitioming between standard doping levels to, ifor
example, highly intrinsic or semi-insulating levels,
increased blocking voltage can be achieved for a given base
width. FIGS. 8 and 9 show the relationship between carrier
concentration and blocking voltage. Using simple break-
down calculations where the breakdown voltage 1s approxi-
mated by calculating the area underneath the electric field
line, FIG. 8 depicts current art n+pn—-np++ structure where
the peak electric field 1s 130 kV/cm severely limiting device
breakdown voltage (the area under the E vs. x curve) and
necessitating an inetlicient wide base structure. By contrast,
FIG. 9 depicts an exemplary PSD type device using an
approximately 10 times higher dielectric breakdown mate-
rial enabling a device potentially 10% of the thickness of a
comparable breakdown voltage current art device. By
employing the highly resistive or semi-insulating intrinsic
layer, PSD switching speed, forward conduction losses and
leakage current are all improved over current art technology.

The first preferred embodiment of the present invention
uses an mtermediate tank circuit potential of approximately
1.8 kV to further improve exciter performance and reliability
at elevated ambient temperatures. Industry standard current
art aviation 1gnition exciter designs typically employ 2.5-3.5
kV tank voltages. By reducing the blocking voltage require-
ments of the switching device, leakage current 1s further
reduced at elevated ambient temperatures. The reduced
exciter tank voltage requires fewer high voltage compo-
nents, less msulation material and smaller physical flash &
creep clearances; reducing unit weight, volume, and cost.

Another key improvement enabled by PSD technology 1s
simplification of the exciter EMI filter and charge pump
(DC-DC converter) circuitry. Current prior art solid state
ignition exciters are severely limited by switching device
leakage current and junction temperature capability. Conse-
quently, current prior art exciters employ large, bulky EMI
filters and charge pump circuits to minimize tank capacitor
charge time. That 1s, by minimizing the time the switching
device 1s exposed to stresstul high voltage blocking condi-
tion; particularly at high ambient temperatures, the exciter 1s
capable of operating at high ambient temperatures. By
contrast, due to the exceptionally low PSD leakage current
at elevated temperatures and high junction temperature
capability, the exciter capacitor charge time 1s less critical
allowing minmaturization and simplification of the EMI filter
and charge pump circuitry. FIG. 10 shows an oscillogram of
a PSD based 1gnition exciter tank capacitor charge profile
versus that of a typical solid state 1gnition exciter. The low
PSD leakage current (on the order of 200 pA at approxi-
mately 135° C.) allows operation at high ambient tempera-
tures without threat of thermal runaway. By contrast tradi-
tional thyristors with leakage currents on the order of 5 mA
at approximately 135° C. require the use of more aggressive
capacitor charge pump technology to prevent thermal run-
away at high operating temperatures. For example, a typical
3.0 J (stored energy), 1 Hz rate exciter requires a power
supply capable of delivering 66.7 W to achieve a 45 ms
capacitor charge time. By contrast, the same exciter requires
only a 3.0 W power supply operating as a relaxation oscil-
lator. The low peak mput current associated with such a
“continuous” charge cycle dramatically simplifies exciter
charge pump and EMI filter design while reducing exciter
cost, weight and volume.

While the first preferred embodiment that has been
described with regard to FIG. 1 has a low side topology, a
second preferred embodiment having a high side topology 1s
shown in FIG. 1A. In this embodiment, the capacitor 100
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and PSD 152 are reversed relative to their positions 1n FIG.
1 which results 1n the capacitor 100 discharging positive
voltage into the pulse transformer 162. Also, the tertiary
winding 112 1s not connected to ground but to capacitor 114
and line 108 and the direction of diode 110 1s reversed.

A third preferred embodiment 1s shown 1n the electrical
circuit schematic diagram of FIG. 1B, which 1s very similar
to the circuitry of the first preferred embodiment shown in
FIG. 1, but 1s modified to operate together with an electronic
engine controller (EEC) 200 that i1s frequently used to
control aircraft turbine engines. A similar type of controller
1s also known 1n the art as FADEC controllers which 1s an
acronym for a Full Authority Digital Engine Control. Such
controllers are used to monitor a variety of parameters that
are used to control the operation of aircrait engines as well
as other systems of the aircraft as will be discussed.

Existing FADEC’s and E

EEC’s are known to control the
spark rate, but 1t 1s done by control lines to the exciter circuit
rather than the power lines that are used to power the exciter
circuit. Because of the potential of lightning strikes and
other electromagnetic interference, 1t has been necessary to
employ extensive EMI filters and the like on the front end to
protect all of the signal lines that are used to control the
exciter circuit.

In prior art EEC controlled 1gnition systems, the exciter
circuitry was typically connected to the aircraft power bus
100% of the time. Exciter activation and deactivation was
then accomplished by providing logic level input signals to
the exciter. In this arrangement, the exciter input connector
must contain a relatively high number of pins to facilitate
input from each EEC channel. It has been typical that the
EEC generally contain two redundant channels that must be
capable of independently driving either exciter which neces-
sitates a high number of input pins to allow redundant
control of each 1gnition channel by the two EEC channels.
The high pin count connector 1s generally more costly
relative to a low pin count connector.

In this preferred embodiment, the EEC controls the spark
rate that 1s generated by the exciter circuit merely by
selectively applying and terminating power to the exciter
circuit via lines 202 and 204 which are connected to respec-
tive inputs 12 and 14. A diode 206 1s provided at the output
of a first portion of the power supply that provides a 28 volt
source to the capacitor 48 and primary winding of the
transformer 50. The diode 206 1s intended to block reverse
current flow when power has been terminated which would
otherwise flow from the capacitor 48 and primary winding
of the transtormer 350 in the reverse direction. Since the
charge pump circuitry 22 consists of integrated circuits and
logic chips as well as switching transistors that are supplied
by the 8 volt output bus from the regulator 16, when power
1s terminated by the EEC 200, this charge pump circuitry
will be disabled. The internal circuitry of the charge pump
22 1s also modified so that the zero output of the integrated
circuit 58 does not clock the flip-flop 132. Rather, the clock
input 1s supplied by a signal on clock line 208 that is
connected to ground through a capacitor 210 and to the 8
volt power supply through resistor 212. The components
208, 210 and 212 define a one-shot multivibrator.

When the voltage on the input power bus on mputs 12 and
14 15 iterrupted, the substantial charge on capacitor 48 will
tend to move back to the voltage regulator 16 were 1t not for
the diode 206 which blocks that reverse flow. In this manner,
the 8 volt and VREF regulators 16 and 28 will decay very
quickly and when they do decay, the tlip-tlop 72, one-shot
multivibrator 132 as well as comparator 90 will go dead

which effectively resets these components. Since the output
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from chip 58 that was used 1n the embodiments of FIGS. 1
and 1A 1s no longer being used, the new one-shot 132 type
of operation will cause the one-shot to be clocked when the
capacitor 210 1s charged upon resumption of input power to
the input power bus 12 and 14. The ntegrating circuit
comprised of resistor 212 and capacitor 210 preferably has
a relatively small RC time constant, e.g., about 1 millisec-
ond, with respect to the anticipated capacitor 210 charge
time 1nterval which 1s approximately 60 milliseconds so that
a charge/discharge sequence 1s mnitiated and then prevented
until power 1s terminated and reapplied by the EEC. The
EEC 200 thereby controls the power input bus voltage and
can modulate the frequency of the output pulse of the igniter
between the range of about 1 Hz to about 6 Hz. This
modulation 1s effectively and desirably controlled by the
EEC 200 because 1t receives other kinds of operating
characteristic parameters concerning the engine. An advan-
tage 1s that the spark rate of the exciter circuit 1s controlled
only by the selective application and termination of power to
the circuit rather than other control lines which would have
to be protected from lighting and other EMI conditions.

This embodiment enables improves turbine engine 1gni-
tion flexibility by allowing the EEC to periodically pulse the
exciter when sparks are requlred By allowing the EEC to
control the exciter, the system 1s more elegant than prior/
current art systems that blindly generate sparks until power
1s removed. This feature improves ellective igniter plug-
wear and reduces stress on the exciter surface circuit and the
aircrait electrical system. It also allows for more sophisti-
cated system integration in that since the EEC already
receives and processes a variety ol environmental and
clectrical as well as physical measurements and subse-
quently controls a variety of engine parameters, 1t 1s 1deally
suited to evaluate engine parameters and command 1gnition
as required. For example, the EEC can command a higher
spark rate during cold, or altitude relight regimes while
protecting the exciter when the input voltage droops or the
ambient temperature 1s too high. In the latter case, the EEC
would preferably contain a map of allowable safe operating,
conditions and adjust the spark rate accordingly to protect
the exciter circuit.

A fourth preferred embodiment 1s shown i FIG. 1C
which 1s similar to FIG. 1, with the exception of the
configuration of the resistor network 60, 62, 64 and 66 that
are associated with the A, B, C and D inputs of the oscillator
chip 38 of the charge pump 22. In this configuration, the
0_OUT line of the chip 58 1s connected to clock the tlip-tlop
132 1n the manner as described with respect to FIG. 1. As
previously mentioned, the voltage regulator 1s a temperature
compensated precision voltage reference that 1s used to
provide a stable reference supply to the charge pump current
and voltage mode comparators establish the VREF bus. This
chip has a temperature output line 214 that 1s a voltage that
1s proportional to the ambient temperature of the chip 28.
That signal on line 214 1s applied to one nput of the
comparator 216, the other input of which 1s provided by line
218 that has voltage divider resistors 220 and 222. Line 218
1s also connected to resistor 224 which 1n turn 1s connected
to the 8V bus via resistor 226 and to an output line 228 that
extends to the A mput pin of the chip 58.

The regulator 28 temperature output preferably has a
positive temperature coetlicient, delivering approximately
9.6 millivolts per © C. above a baseline threshold. As the
exciter internal temperature reaches a predetermined thresh-
old, the comparator circuit pulls the output line 228 low
which changes the divide-by-n value and effectively divides
the exciter spark rate in half. The resistor 224 provides
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hysteresis which prevents oscillations around the set point
temperature. In practice, the hysteresis may result in an
approximately 10 to approximately 20° C. deadband to
prevent oscillation of the spark rate between the low and
high repetition rates. The resistor 226 1s a pull-up resistor
required to force a logic 1 on pin A of the oscillator 58 until
the comparator output pulls the pin low. In this manner,
discrete changes in the spark rate control can be achieved. It
should be understood that multistage digital versions could
be employed by adding other comparators 1n a manner that
1s well known to those of ordinary skill in the art which
would divide the spark rate by 2 and then by 2 again which
could result in output rates of 1, 2 or 4 Hz.

Reterring to FIG. 1D, an analog version of circuitry which
adjusts the spark rate of the igniter 1s shown. In this
embodiment, the temperature output of the regulator 28 is
connected to a voltage controlled oscillator 230 via lines 232
and the output of the VCO 230 1s applied on line 234 to
clock the flip-flop 132. In this embodiment 1t 1s apparent that
the O_OUT output pin of the chip 58 1s not used to clock the
tlip-flop 132. The VCO oscillator frequency range 1s pret-
erably tuned to reduce the spark rate as the ambient tem-
perature increases.

While the embodiments shown in FIGS. 1B, 1C and 1D

are modifications of the FIG. 1 circuitry, it should be
understood that the same modifications can be made to the

preferred embodiment shown in FIG. 1A masmuch as the
modifications of FIGS. 1B, C and D relate to the circuitry
which 1s common to both of the first and second preferred
embodiments shown 1n FIGS. 1 and 1A.

While the PSD 1s described herein 1n suil

icient detail to
support the mmvention as claimed, applicants hereby incor-
porate by reference the following related applications: Appa-

ratus For Fabricating And Connecting A Semiconductor
Power Switching Device, filed Oct. 28, 2004, now U.S. Pat.
No. 7,144,796, by John C. Driscoll, Theodore S. Wilmot and
Eugene O. Bryan.

While various embodiments of the present invention have
been shown and described, it should be understood that other
modifications, substitutions and alternatives are apparent to
one of ordinary skill in the art. Such modifications, substi-
tutions and alternatives can be made without departing from
the spirit and scope of the invention, which should be
determined from the appended claims.

Various features of the invention are set forth in the
following claims.

What i1s claimed 1s:

1. An exciter circuit for use with an 1gniter for creating a

spark for 1gniting fuel in an engine; comprising:

a charge pump circuit for selectively applying power to an
iput of a voltage conversion device having a {first
output, said device being configured to step-up a {first
voltage level applied to said mput to a higher second
voltage level at said voltage conversion device first
output;

a main energy store having positive and negative termi-
nals, said positive terminal being connected 1n circuit to
said first output for receiving energy ifrom said charge
pump circuit, said negative terminal being connected to
the 1gniter via a ground loop circuit having a step-up
pulse transformer therein;

a semiconductor switch having an anode, a cathode and a
gate for controlling the release of energy from said
main energy store, said cathode being directly con-
nected to ground and said anode being connected to
said positive main energy store terminal; and,
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a trigger circuit connected to said charge pump circuit and
to said gate and selectively applying a trigger signal to
said gate for placing said switch into conduction
thereby discharging said energy store directly to
ground, said ground loop circuit producing negative
current through said step-up pulse transformer to said
negative terminal and thereby creating a high voltage
negative pulse that 1s applied to the igmiter for creating
a spark.

2. An exciter circuit as defined in claim 1 wherein said
voltage conversion device has a second output with a higher
third voltage level and said trigger circuit further comprises
a tertiary energy store that supplies said trigger signal to said
gate via a trigger switch having a control input, said trigger
switch being placed into conduction when an actuating
signal 1s received from said charge pump circuit.

3. An exciter circuit as defined 1n claim 2 wherein said
trigger circuit further comprises:

a first diode having 1ts anode connected to said tertiary
energy store and 1ts cathode connected 1n series to an
inductor that 1s connected 1n series with said gate; and

a second diode that has its cathode connected to said
inductor and to said first diode cathode, said second
diode having its anode connected to ground;

said first and second diodes and said inductor being tuned
to 1nsure positive current flow to said gate during the
turn-on time period of said semiconductor switch.

4. An exciter circuit as defined 1n claim 3 wherein said
trigger switch 1s a thyristor having an anode, a cathode and
a gate, said gate being said control mput and said cathode
being connected to said first diode.

5. An exciter circuit as defined 1n claim 4 wherein said
trigger circuit further comprises a switching transistor con-
nected to ground and to a primary winding of a transformer
that 1s connected to an energy storing capacitor, said switch-
ing transistor being switched 1nto conduction by said actu-
ating signal and causing said energy to flow through said
transformer and transistor to ground, said transformer hav-
ing a secondary winding that 1s connected to said thyristor
gate via a rectifier diode, whereby current tlows to said
thyristor gate when said switching transistor 1s switched 1nto
conduction.

6. An exciter circuit as defined in claim 2 wherein said
tertiary energy store comprises at least one capacitor having
a capacitance of at least approximately 0.05 micro-Farad.

7. An exciter circuit as defined in claim 1 wherein said
ground loop circuit comprises an in series connection from
said negative terminal of said main energy store through a
primary coil of said step-up pulse transformer, a pulse
capacitor to ground.

8. An exciter circuit as defined in claim 1 wherein said
second voltage level 1s within the range of about 1500 to
about 1950 volts DC.

9. An exciter circuit as defined 1n claim 1 wherein said
main energy store comprises at least one capacitor having a
capacitance of at least approximately 1 micro-Farad.

10. An exciter circuit as defined 1n claim 1 wherein said
high voltage pulse has a magnitude within the range of about
—-15,000 to about -18,000 volts.

11. An exciter circuit for use with an 1gniter for creating
a spark for 1gniting fuel in an engine; comprising:

a charge pump circuit for selectively applying power to an
mput of a voltage conversion device having a first
output, said device being configured to step-up a first
voltage level applied to said mput to a higher second
voltage level at said voltage conversion device first
output;
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a power supply circuit that 1s connectable to an external
source of 1nput power and provides a DC output having,
said first voltage level, a second lower 1internal voltage
bus and a third temperature compensated precision
reference voltage;

a main energy store having positive and negative termi-
nals, said positive terminal being connected 1n circuit to
said first output for receiving energy from said charge
pump circuit, said negative terminal being connected to
the 1gniter via a ground loop circuit having a step-up
pulse transformer therein;

a semiconductor switch having an anode, a cathode and a
gate for controlling the release of energy from said
main energy store, said cathode being directly con-
nected to ground and said anode being connected to
said positive main energy store terminal; and,

a trigger circuit connected to said charge pump circuit and
to said gate and selectively applying a trigger signal to
said gate for placing said switch into conduction
thereby discharging said energy store directly to
ground, said ground loop circuit producing negative
current through said step-up pulse transformer to said
negative terminal and thereby creating a high voltage
negative pulse that 1s applied to the 1igmiter for creating
a spark.

12. An exciter circuit as defined 1n claim 11 wherein said
voltage conversion device 1s a transformer having a primary
winding as said input, said charge pump circuit further
comprising:

a switching transistor connected in series between a

power source of said first voltage, said primary wind-
ing, a voltage sensing resistor and ground;

logic circuitry for switching said switching transistor in
and out of conduction:

comparator circuitry connected to said switching transis-
tor for comparing the voltage level of said voltage
sensing resistor to a reference voltage and switching,
said transistor out of conduction when said voltage
level exceeds said reference level.

13. An exciter circuit as defined in claam 12 further
comprising scheduling circuitry for adjusting the voltage
level of said voltage sensing resistor in proportion to a drop
in said internal voltage bus so that operation of said charge
pump circuit continues notwithstanding said internal voltage
bus voltage drop.

14. An exciter circuit as defined in claim 12 wherein said
charge pump circuit further comprises second comparator
circuitry operatively connected to said trigger circuit for
monitoring the voltage level of said tertiary energy store and
for controlling said logic circuitry to switch said transistor
out of conduction when said voltage of said tertiary energy
store reaches a predetermined level.

15. An exciter circuit as defined in claim 14 wherein said
charge pump circuit 1s powered by said power supply and
said logic circuit includes a one shot multi-vibrator that
when fired permits said switching transistor to be placed into
conduction until said comparator circuitry switches said
switching transistor out of conduction, said external source
ol input power comprising an electronic engine controller
(EEC).

16. An exciter circuit as defined 1n claim 15 wherein said
EEC 1s configured to selectively apply and terminate power
to said exciter circuit as necessary to control the exciter
circuitry 1n a manner that 1s necessary to control operation
of the engine, said EEC terminating power to said exciter
circuit resulting in disabling the operation of said charge
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pump circuit, including said logic circuitry until power 1s
reapplied thereto, said EEC thereby selectively controlling
the spark rate of said igniter.

17. An exciter circuit as defined 1n claim 16 wherein said
power supply includes a diode at its output that provides said
first voltage to said charge pump circuit to block reverse
charge flow when power 1s terminated to said power supply,
thereby facilitating rapid disablement of said charge pump
circuit including said logic circuitry thereof.

18. An exciter circuit as defined in claim 14 wherein

said charge pump circuit 1s powered by said power supply
and said logic circuit includes a flip-flop that when fired
permits said switching transistor to be placed into
conduction until said comparator circuitry switches
said switching transistor out of conduction,

said power supply comprises at least one temperature
compensated precision voltage regulator that provides
a stable reference supply, said regulator providing an
auxiliary output voltage that i1s proportional to the
temperature of the regulator,

said exciter circuit further comprising a voltage controlled
oscillator having said auxiliary output voltage as an
input thereto and generates a high frequency DC-DC
chopper output frequency that 1s operatively connected
to said tlip-tlop.
19. An exciter circuit as defined 1n claim 14 wherein said
predetermined level of said tertiary energy store 1s propor-
tional to said second voltage level.

20. An exciter circuit as defined in claim 12 wherein said
logic circuitry turther comprises an oscillator integrated
circuit that generates a high frequency DC-DC chopper
output frequency and includes multiple inputs for control-
ling hardware programmable divide-by-n circuitry that
divides the high chopper output frequency down to a rate
that 1s within the range of approximately 1 Hz to approxi-
mately 8 Hz, thereby establishing the exciter discharge
repetition rate.

21. An exciter circuit as defined 1n claim 20 wherein said
power supply comprises at least one temperature compen-
sated precision voltage regulator that provides a stable
reference supply, said regulator providing an auxiliary out-
put voltage that 1s proportional to the temperature of the
regulator, said exciter circuit further comprising rate adjust-
ing circuitry having said auxiliary output voltage as an input
thereto and an output that 1s operatively connected to at least
one of said multiple mputs that control said divide-by-n
circuitry, to thereby vary said discharge repetition rate in
proportion to said regulator temperature.

22. An exciter circuit for use with an 1gniter for creating
a spark for igniting fuel in a turbine engine; comprising:

a charging circuit for storing energy 1n an energy store
having positive and negative terminals, said negative
terminal being connected to the i1gniter via a ground
loop circuit having a step-up pulse transformer therein;

a semiconductor switch having an anode, a cathode and a
gate for controlling the release of energy from said
energy store, said cathode being directly connected to
ground and said anode being connected to said positive
energy store terminal; and,

a trigger circuit connected to said charging circuit and to
said gate and selectively applying a trigger signal to
said gate for placing said semiconductor switch into
conduction, thereby discharging said energy store to
ground, said ground loop circuit producing negative
current through said step-up pulse transformer to said

5

10

15

20

25

30

35

40

45

50

55

60

65

16

negative terminal and thereby creating a negative high
voltage pulse that 1s applied to the 1gniter for creating
the spark.

23. An exciter circuit as defined 1n claim 22 wherein said
trigger circuit provides a continuous positive current into
said gate during the period of time said semiconductor
switch 1s turning on.

24. An exciter circuit as defined 1in claim 23 wherein said
trigger circuit further comprises:

a tertiary energy store operatively connected to said

charging circuit for charging the same;

a first diode having 1ts anode connected to said tertiary
energy store and its cathode connected 1n series to an
inductor that 1s connected 1n series with said gate; and

a second diode that has 1ts cathode connected to said
inductor and to said first diode cathode, said second
diode having its anode connected to ground;

said first and second diodes and said inductor being tuned
to msure positive current flow to said gate during the
turn-on time period of said semiconductor switch.

25. An exciter circuit for use with an igniter for creating

a spark for 1igniting fuel in a turbine engine; comprising:
at least one energy storing device for storing energy that
1s released to the igniter for creating the spark for
igniting fuel 1n the turbine engine;

a charging circuit for storing energy in the energy store;

a discharge circuit including a semiconductor switch
having an anode, a cathode and a gate, said switch
controlling the release of energy from said energy store,
said cathode being directly connected to ground and
saild anode being connected to said positive energy
store terminal, a step-up pulse transformer with a
primary winding connected to said negative terminal
and to ground through a capacitor and a secondary
winding connected to the 1gniter;

a trigger circuit for placing said semiconductor switch
into conduction, thereby discharging said energy store
to ground and producing a negative current through
said step-up pulse transformer to said negative terminal
and thereby creating a negative high voltage pulse that
1s applied to the 1gniter for creating the spark.

26. An exciter circuit as defined 1n claim 25 wherein said
primary winding and capacitor comprise a first leg, said
discharge circuit further comprising a resister leg and a
diode leg connected in parallel said first leg, said diode
having 1ts cathode connected to ground.

27. An exciter circuit as defined 1n claim 25 wherein said
semiconductor switch has a low leakage current at elevated
temperatures and high junction temperature capabality.

28. An exciter circuit as defined 1n claim 27 wherein said
leakage current 1s approximately 200 microamperes at
approximately 135 degrees Celsius.

29. An exciter circuit as defined 1n claim 25 wherein said
energy store 1s charged within a time period that 1s approxi-
mately the reciprocal of the spark rate of the exciter.

30. A solid state turbine engine 1gnition exciter compris-
Ing;

at least one capacitor for storing energy that 1s released to
the 1gniter for creating the spark for igniting fuel 1n the
turbine engine;

a circuit for charging said capacitor;

a discharge circuit including a semiconductor switch for
releasing energy from said capacitor directly to ground
and then through a ground loop circuit whereby nega-
tive polarity energy is applied to the i1gniter; and

a trigger circuit for placing said semiconductor switch
into conduction.
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31. An exciter circuit for use with an 1gniter for creating
a spark for igniting fuel 1n an engine; comprising:

a charge pump circuit for selectively applying power to an
mput of a voltage conversion device having a first
output, said device being configured to step-up a first
voltage level applied to said mnput to a higher second
voltage level at said voltage conversion device first
output;

a main energy store having positive and negative termi-
nals, said positive terminal being connected 1n circuit to
said first output for receiving energy from said charge
pump circuit, said negative terminal being connected
directly to ground;

a semiconductor switch having an anode, a cathode and a
gate for controlling the release of energy from said
main energy store, said cathode being directly con-
nected to ground and to the igniter through a pulse
forming network and said anode being connected to
said positive main energy store terminal; and,

a trigger circuit connected to said charge pump circuit and
to said gate and selectively applying a trigger signal to
said gate for placing said switch 1nto conduction
thereby discharging said energy store through said
pulse forming network and applying negative polarity
energy to the igniter for creating a spark.

32. An exciter circuit as defined in claim 31 wherein said
voltage conversion device has a tertiary winding providing,
a second output with a higher third voltage level and said
trigger circuit further comprises a tertiary energy store that
supplies said trigger signal to said gate via a trigger switch
having a control mput, said trigger switch being placed into
conduction when an actuating signal 1s received from said
charge pump circuit.

33. An exciter circuit as defined in claim 32 wherein said
trigger circuit further comprises:

a first diode having its anode connected to said tertiary
energy store and 1ts cathode connected 1n series to an
inductor that 1s connected 1n series with said gate; and

a second diode that has its cathode connected to said
inductor and to said first diode cathode, said second

diode having its anode connected to said cathode of

said semiconductor switch and to said tertiary winding;;

said first and second diodes and said inductor being tuned
to msure positive current flow to said gate during the
turn-on time period of said semiconductor switch.

34. An exciter circuit as defined in claim 33 wherein said
trigger switch 1s a thyristor having an anode, a cathode and
a gate, said gate being said control mput and said cathode
being connected to said first diode.

35. An exciter circuit as defined 1n claim 34 wherein said
trigger circuit further comprises a switching transistor con-
nected to ground and to a primary winding of a transformer
that 1s connected to an energy storing capacitor, said switch-
ing transistor being switched 1nto conduction by said actu-
ating signal and causing said energy to flow through said
transformer and transistor to ground, said transformer hav-
ing a secondary winding that 1s connected to said thyristor
gate via a rectifier diode, whereby current tlows to said
thyristor gate when said switching transistor 1s switched 1nto
conduction.

36. An exciter circuit as defined 1n claam 31 further
comprising a power supply circuit that is connectable to an
external source of mput power and provides a DC output
having said first voltage level, a second lower internal
voltage bus and a third temperature compensated precision
reference voltage.
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377. An exciter circuit as defined 1n claim 36 wherein said
voltage conversion device 1s a transformer having a primary
winding as said input, said charge pump circuit further
comprising:

a switching transistor connected in series between a
power source of said first voltage, said primary wind-
ing, a voltage sensing resistor and ground;

logic circuitry for switching said switching transistor in
and out of conduction:

comparator circuitry connected to said switching transis-
tor for comparing the voltage level of said voltage
sensing resistor to a reference voltage and switching,
said transistor out of conduction when said voltage
level exceeds said reference level.

38. An exciter circuit as defined 1 claim 37 further
comprising scheduling circuitry for adjusting the voltage
level of said voltage sensing resistor i proportion to a drop
in said internal voltage bus so that operation of said charge
pump circuit continues notwithstanding said internal voltage
bus voltage drop.

39. An exciter circuit as defined 1n claim 37 wherein said
charge pump circuit further comprises second comparator
circuitry operatively connected to said trigger circuit for
monitoring the voltage level of said tertiary energy store and
for controlling said logic circuitry to switch said transistor
out of conduction when said voltage of said tertiary energy
store reaches a predetermined level.

40. An exciter circuit as defined 1in claim 39 wherein said
charge pump circuit 1s powered by said power supply and
said logic circuit includes a one shot multi-vibrator that
when fired permits said switching transistor to be placed into
conduction until said comparator circuitry switches said
switching transistor out of conduction, said external source
of 1nput power comprising an electronic engine controller
(EEC).

41. An exciter circuit as defined 1in claim 40 wherein said
EEC 1s configured to selectively apply and terminate power
to said exciter circuit as necessary to control the exciter
circuitry 1n a manner that 1s necessary to control operation
of the engine, said EEC terminating power to said exciter
circuit resulting in disabling the operation of said charge
pump circuit, including said logic circuitry until power 1s
reapplied thereto, said EEC thereby selectively controlling
the spark rate of said 1gniter.

42. An exciter circuit as defined 1n claim 41 wherein said
power supply includes a diode at its output that provides said
first voltage to said charge pump circuit to block reverse
charge flow when power 1s terminated to said power supply,
thereby facilitating rapid disablement of said charge pump
circuit including said logic circuitry thereof.

43. An exciter circuit as defined 1n claim 39 wherein

said charge pump circuit 1s powered by said power supply
and said logic circuit includes a flip-tlop that when fired
permits said switching transistor to be placed nto
conduction until said comparator circuitry switches
said switching transistor out of conduction,

said power supply comprises at least one temperature
compensated precision voltage regulator that provides
a stable reference supply, said regulator providing an
auxiliary output voltage that i1s proportional to the
temperature of the regulator,

said exciter circuit further comprising a voltage controlled
oscillator having said auxiliary output voltage as an
input thereto and generates a high frequency DC-DC
chopper output frequency that 1s operatively connected
to said tlip-tlop.
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44. An exciter circuit as defined in claim 37 wherein said
logic circuitry turther comprises an oscillator integrated
circuit that generates a high frequency DC-DC chopper
output frequency and includes multiple inputs for control-
ling hardware programmable divide-by-n circuitry that
divides the high chopper output frequency down to a rate
that 1s within the range of approximately 1 Hz to approxi-
mately 8 Hz, thereby establishing the exciter discharge
repetition rate.

45. An exciter circuit as defined in claim 44 wherein said
power supply comprises at least one temperature compen-
sated precision voltage regulator that provides a stable
reference supply, said regulator providing an auxiliary out-
put voltage that 1s proportional to the temperature of the
regulator, said exciter circuit further comprising rate adjust-
ing circuitry having said auxiliary output voltage as an input
thereto and an output that 1s operatively connected to at least
one of said multiple mputs that control said divide-by-n
circuitry, to thereby vary said discharge repetition rate 1n
proportion to said regulator temperature.

46. An exciter circuit for use with an 1gniter for creating
a spark for igniting fuel in a turbine engine; comprising:

a power supply configured to be connected to an elec-
tronic engine controller (EEC) which selectively pro-
vides power for powering said exciter circuit;

a charge pump circuit for storing energy in an energy store
through a step-up transformer;
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a semiconductor switch having an anode, a cathode and a
gate for controlling the release of energy from said
energy store, said cathode being tied to ground poten-
tial; and

a trigger circuit connected to said charge pump circuit and
to said gate and selectively applying a trigger signal to
said gate for placing said semiconductor switch into
conduction, thereby discharging said energy store to

produce negative polarity energy to create a spark for
igniting fuel 1n the turbine engine;

the EEC selectively terminating and supplying power to
said exciter circuit to thereby control the occurrence
and therefore the spark rate of said 1gniter.

4'7. An exciter circuit as defined 1n claim 46 wherein said
exciter circuit alternatively charges and discharges said
energy store at a first nominal rate when generally continu-
ously powered by the EEC, said exciter circuit generating an
auxiliary output voltage that i1s proportional to the tempera-
ture of at least one selected exciter circuit component, said
exciter circuit adjusting said first nominal rate as a function
of said component temperature.

48. An exciter circuit as defined 1n claim 47 wherein said
first nominal rate decreases as said component temperature
Increases.
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